with cold jovian air. During the first 4 days after impact, NH 3 was present primarily at altitudes above 1 mbar with a column density of (7.7 ± 1.6) × 10 17 cm −2 after 1 day and (3.7 ± 0.8) × 10 17 cm −2 after 4 days. (Errors represent precision.) We obtained >2.5 times more NH 3 than can be supplied by nitrogen from a large cometary fragment, suggesting a primarily jovian source for the NH 3 . By 18 days postimpact, a return to quiescent upper stratospheric temperature is retrieved for the G region, with an NH 3 column density of 7.3 × 10 17 cm −2 or more in the lower stratosphere, possibly supplied by NH 3 upwelling across an impact-heated and turbulent tropopause, which may have been masked by initial dust and haze. Above the 1-mbar level, the maximum retrieved column density decreased to 6.5 × 10 16 cm −2 . Comparison to photochemical models indicates that photolysis alone is not sufficient to account for the loss of NH 3 above 1 mbar by that time, even when chemical reformation of NH 3 is ignored. We speculate that the dispersion of plume material at high altitudes (above 1 mbar) is responsible for the change in the spectra observed a few days postimpact. Data on the K impact region provide qualitatively consistent results. c 2002 Elsevier Science (USA)
INTRODUCTION
The collision of comet Shoemaker-Levy 9 with Jupiter in July of 1994 provided a unique opportunity to investigate not only planetary impacts but also jovian composition, photochemistry, and thermal rebound. Knowledge of the time scales for Source. HITRAN, Rothman et al. 1992 . a Intensities at 296 K, later scaled to model temperature.
the cooling of the atmosphere back to a quiescent state and the destruction of deposited species not normally found in the stratosphere would help to better understand the impacts themselves and provide a test for jovian photochemical models. Ammonia (NH 3 ), which was injected into the stratosphere by the SL9 impacts, is an effective probe of its photochemistry as well as the stratospheric thermal structure following the collisions. Here we report results of retrievals from a unique set of measurements taken up to 18 days after impact, at a spectral resolution that can fully resolve the shapes of narrow stratospheric NH 3 emission lines.
Infrared heterodyne spectroscopy with a resolving power of ∼10 7 permits measurement of the true line profiles, revealing information about the temperature, abundance, and altitude distribution of the source species in the region of line formation. The portion of the data set acquired by Betz et al. (1994) that is examined in this paper provides important temporal information. The spectra were acquired on three occasions over an 18-day period following the impacts in the G region (Fig. 1 ). Multiple observations of the K region were also made ( Fig. 2) , following the nearby smaller impact of fragment W. The current measurements include emission profiles of several NH 3 transitions, each of different line intensity and lower state energy (Table I) .
FIG. 1.
Jupiter aspect geometry showing impact latitude and the instrumental field-of-view of 2 arcsec. The timeline shows the G region observation times relative to the different impact times.
FIG. 2.
K region observation timeline. All K region observations were made after the impacts that affected that region had ceased.
The different line intensities and the different dependence of each line emission on temperature provided a significant constraint on the temperature and the altitude distribution of NH 3 abundance in the emitting region. This is an improvement over a similar analysis of infrared heterodyne spectra from impacts Q1 and R (Kostiuk et al. 1996) that retrieved information on NH 3 altitude distribution and abundance based on a single line measured about a week after each impact.
We used a beam-integrated radiative transfer analysis developed by Goldstein (1989) and Hewagama et al. (in preparation) , and retrieved temporal changes in NH 3 abundance and stratospheric temperature and their altitude distributions on Jupiter. We test new photochemical models, which include photochemical destruction and recycling of NH 3 due to the effects of a changing atmospheric temperature over the observing period.
OBSERVATIONS AND ANALYSIS

Data Acquisition and Reduction
The spectra were obtained using an infrared heterodyne system (Betz et al. 1977 ) on one of the 1.65-m telescopes of the Infrared Spatial Interferometer (ISI; Hale et al. 2000) at Mount Wilson, California. The infrared heterodyne technique and its application to planetary atmospheres are described by Kostiuk (1994) and Kostiuk et al. (1997) in application to planetary atmospheres. Isolated emission lines of NH 3 near 10.7 µm were measured at a spectral resolution of ∼3.2 MHz ( ν λ = 10 −4 cm −1 , ν λ / ν λ ∼ 10 7 ). Integration times varied from 8 to 40 min over the observing period. The three lines of NH 3 that were measured and their molecular parameters (frequency, intensity, and lower state energy at 296 K) are summarized in Table I . The observations were made by actively tracking on an impact region. In the weeks following the impacts, tracking errors were large due to the lack of clear features to track on. This error can be determined from individual scans and is taken into account in the analysis. Different transitions of NH 3 were measured at multiple impact sites on a given day. This work focuses on spectra obtained at the G and K impact regions following the impacts (Table II) . Absolute spectral radiances were obtained using a lunar calibration, with conservative uncertainties of ∼10%.
General Analysis
In our analysis, the measured 3.2-MHz resolution was degraded to ∼8-MHz resolution (0.0003 cm −1 ), more than adequate for resolving emission lineshapes of ∼200 MHz full width at half maximum (FWHM). The effective field-of-view (FOV) for analysis, including instrumental beam size and atmospheric seeing, is 2 arcsec diameter, ∼8000 km projected onto Jupiter. The plume splashback region for the G and K impacts is ≥10,000 km (Hammel et al. 1995 , Jessup et al. 2000 , filling the FOV. Spectra were analyzed by comparison with models of the emergent molecular lines produced by our radiative transfer software package, BEAMINT (Hewagama et al., in preparation) . The beam-integration technique involves dividing the beam aperture into multiple sections and producing a model spectrum for specified physical conditions such as temperature, abundance, planetary rotation, and mean viewing angle within each section of the beam. The broadening due to planetary rotation (∼150 MHz) is modeled by the software. The beam elements are combined, with beam element area and beam response weighting, to produce a beam-integrated spectrum. Since a single beam covers a relatively broad range of viewing angles on Jupiter, BEAMINT provides a more accurate characterization of an observed spectrum than a single-point mean viewing angle spectral model. This proved to be especially useful in the case of a spectrum with a large but known tracking error. We were able to recreate the larger broadening due to planetary rotation across a wider beam profile through the use of multiple multielement beams.
The radiative transfer portion of the program accepts molecular line parameters (Table I) , arbitrary temperature and molecular mole fraction profiles, and planetary parameters. The radiative transfer calculation scales the molecular line intensities to the kinetic temperature corresponding to the region of line formation. The hydrogen broadened half width at half maximum (HWHM) for NH 3 used is 0.115 cm −1 atm −1 at 200 K (Margolis and Poynter 1991) , and the pressure-broadening temperature dependence is T −0.5 . In our analysis, we investigated the variation of the beamintegrated spectrum, which results from changing the abundance and temperature distribution. Generally, the change in the spectrum is nonlinear; therefore we used a modified LevenbergMarquardt algorithm to perform the least-squares fit of the model spectrum to the observations. Specifically, we used constantwith-height NH 3 mole fraction distributions over various altitude ranges (e.g., 150 to 1 mbar, 1-mbar level and higher). The range in the altitude of this constant-with-height distribution is selected as warranted by the lineshape. In most cases, the NH 3 mole fraction and temperature profile optimization were performed simultaneously using the Levenberg-Marquardt fitting technique. The errors are based on the joint probability distribution for the fit parameters and allow us to place conservative limits on the possible temperatures and amounts of NH 3 present in the stratosphere at different times following an impact. The quoted uncertainties give 68.3% confidence limits (i.e., 1σ ) for a particular thermal profile and NH 3 mole fraction distribution.
Thermal Analysis
The initial thermal profile for the analysis is a quiescent jovian Voyager thermal profile roughly corresponding to the impact latitude (Fig. 3 , profile a; Kostiuk et al. 1987) . For each observing period, the profile was modified in the upper stratosphere in an attempt to fit our measurements on all emission lines   FIG. 3 . Temperature profiles used for modeling. A quiescent Voyager profile (a) was used as a starting point. A uniform method of heating this profile (b) was found to be inadequate for the period soon after impact. Plume splashback temperature profiles (c, d) were used as guides to develop temperature profiles (e, f ) that could simultaneously fit all NH 3 lines measured in the days following impact G.
simultaneously. Initial analyses uniformly modified (heated) the profile down to higher pressures (e.g., Fig. 3, profile b) . This approach did not provide adequate fits to all measured lines for any attempted NH 3 altitude distribution.
Recently, a ballistic Monte Carlo and radiative-hydrodynamic treatment of the splashback process has been able to account for many SL9 phenomena, including several previously unexplained aspects Harrington 2001 (hereafter HD-DH) ). The splashback shocks for large impacts like G and K heat the atmosphere above approximately 0.01 mbar. Examples of residual heating from the HD-DH model are shown in Fig. 3 , profiles c and d. Differences in the modeled profiles result from radial variations in the plume column density and from waves and turbulence following the splashback.
We used the HD-DH result of high-altitude heating due to the plume splashback as a guide for our thermal analysis. We modified the quiescent Voyager thermal profile above the 0.01-mbar level as well as above other high altitude levels, as opposed to our earlier uniform heating of the profile down to lower stratospheric altitudes. There was a great improvement in the ability to simultaneously model all line profiles from a particular observing day. The heating altitude, the temperature, and the NH 3 abundance and altitude distribution were simultaneously iterated until a best fit to all line profiles was achieved.
G Impact Region
G impact plus 1 day. The aQ(2,2) and aQ(6,6) NH 3 emission lines (Table I) were acquired from the G impact region 22 h after impact (Fig. 4) . The two molecular lines were modeled FIG. 4. G impact region spectra from July 19, 1994 (22 h after G impact). The model fit retrieved an NH 3 mole fraction of (6.8 ± 1.4) × 10 −6 above the 1-mbar level (column density (7.7 ± 1.6) × 10 17 cm −2 ) and an increase in temperature above quiescence to 283 ± 13 K above the 10 −3 -mbar level. The dashed model indicates the inclusion below the 1-mbar level of the retrieved NH 3 mole fraction found 18 days after impact (1.3 × 10 −7 ) and is not an acceptable model. The dotted model illustrates how the fit to the line peaks degrades when the heating of the thermal profile extends below the 0.01-mbar level (NH 3 mole fraction of 6.0 × 10 −6 down to 1 mbar, with heating above 0.03 mbar to 201 K).
simultaneously, using constant-with-height NH 3 mole fraction distributions with various lower altitude cutoffs, from 150 mbar (tropopause) to 0.3 mbar. As previously mentioned, thermal profiles based on uniform heating of a quiescent Voyager temperature profile above 35 mbar (e.g., Fig. 3 , profile b) did not yield adequate fits to both lines simultaneously. Because the HD-DH plume splashback model indicated high-altitude heating, we tried heating the thermal profile above various high altitude levels. This resulted in adequate simultaneous fits to both lines.
Ranges in both NH 3 distribution cutoff altitudes and altitudes for heating the thermal profile were tested. Results indicate that NH 3 was primarily observed at altitudes above ∼3 mbar. The best fit to the spectra places the observed NH 3 above the 1-mbar level (solid-line fit in Fig. 4 ). The resulting NH 3 mole fraction above the 1-mbar level was (6.8 ± 1.4) × 10 −6 , and the column density was (7.7 ± 1.6) × 10 17 cm −2 . The best temperature profile was found by heating the quiescent profile above 0.001 mbar to 283 ± 13 K. The calibrated measured line brightness temperatures (>190 K) require significant heating at high altitudes where the line peaks are formed. The lineshapes also require contributions around the 1-mbar level to properly model the line wings. The heating can acceptably extend as low as the 0.003-mbar level, resulting in a comparable column density but requiring a lower temperature (240 K). The NH 3 can extend as low as the 3-mbar level with a poorer model fit to the line peaks, but it would allow a temperature of 255 K down to the 0.01-mbar level and result in about half the column density of the best-fit model. Extending the heating below ∼0.01 mbar causes the peak of the aQ(2,2) model line to approach the intensity of the aQ(6,6) line, which is not seen in the data (Fig. 4, 
FIG. 5.
G impact region spectra from July 22, 1994 (4 days after G impact). The best simultaneous fit to all three lines required an NH 3 mole fraction of (3.2 ± 0.7) × 10 −6 above 1 mbar (column density (3.7 ± 0.8) × 10 17 cm −2 ) and the quiescent temperature profile heated to 204 ± 1 K above 0.2 mbar. The relative line center contribution functions illustrate the advantage of using lines of different lower state energies to probe different regions of the atmosphere. The contribution from the aQ(9,8) line comes from an altitude region lower than that of the aQ(2,2) and aQ(6,6) lines, which helps to limit the range of possible temperature and NH 3 mole fraction combinations that fit all three lines simultaneously. The dotted model illustrates how the wing fits degrade when NH 3 is included below the 3-mbar level (NH 3 mole fraction of 3.7 × 10 −6 down to 10 mbar, with heating above 1 mbar to 205 K). dotted model). Including NH 3 at altitudes lower than ∼3 mbar results in excess wing contribution.
G impact plus 4 days.
This was the one occasion on which all three different NH 3 emission lines, aQ(2,2), aQ(6,6), and aQ(9,8) (Table I) , were observed on the same day within the G impact region. The aQ(2,2) and aQ(6,6) lines are strong lines of relatively low lower-state energies. The aQ(9,8) line is a weaker line of higher lower-state energy that probes deeper in the atmosphere, and its higher temperature sensitivity provides a tighter constraint on the thermal structure.
Our initial models that involved heating the atmosphere down to a higher pressure (e.g., Fig. 3 , profile b) were able to fit the line shape of the stronger aQ(2,2) and aQ(6,6) lines but did not fit the aQ (9,8) line. When the model quiescent temperature profile was heated above higher altitudes, all three NH 3 emission lines could be fit simultaneously (Fig. 5) . The requirement that all three lines be modeled simultaneously places limits on the possible thermal and NH 3 distributions that provide acceptable models. Measured line peak brightness temperatures again require significant heating at high altitudes (∼0.1-mbar level). The aQ(9,8) line probes lower and constrains the abundance and temperature in its emitting region (Fig. 5 , contribution functions). It was found that an NH 3 distribution only at altitudes above the 1-mbar level provided the best fit, with a mole fraction of (3.2 ± 0.7) × 10
and a column density of (3.7 ± 0.8) × 10 17 cm −2 . The retrieved temperature profile was cooler (204 ± 1 K) than that found from the 1-day spectra, but the heating extended down to higher pressure (0.2 mbar). Heating had to extend at least down to the 0.03-mbar level, with the best fit extending down to 0.2 mbar. Thermal gradients and turbulence may account for this deeper but less pronounced heating than was modeled on the first day after impact. Distributions that included significant NH 3 at altitudes down to and below the 3-mbar level resulted in poor fits to the line wings (e.g., Fig. 5 , dotted model), and models limiting NH 3 to altitudes above the 0.3-mbar level did not fit the aQ(9,8) peak well. Some of these models were still within 1σ of the best fit shown in Fig. 5 , but the retrieved column densities for all of the acceptable models varied only by a factor of 2, and the temperatures of the heated region varied by only a few degrees.
G impact plus 18 days. The strong aQ(2,2) line was the only one measured on this day, but its mere presence indicates that NH 3 was still present in the stratosphere 2 1 2 weeks after impact G. As shown in Fig. 6 , the line is quite broad. At 18 days postimpact, it was difficult to discern features to track on, and a tracking error of ±7
• longitude (±1.5 arcsec) was determined from the individual scans that compose this spectrum. This was taken into account by approximating the same tracking error, and ultimately the elongated beam shape, through the use of multiple beam positions in generating the model spectrum. This case in particular benefited from the beam-integration technique, as a mean viewing angle model did not fully take into account the range of rotational velocities across the elongated beam and resulted in a narrower line shape. Even with the tracking error taken into account, there is still additional broadening that can be accounted for by broadening due to higher pressure in the region probed (>1 mbar). The brightness temperature requires the temperature in the region of line formation to be at least 170 K.
The data were fit by uniformly varying the standard temperature profile. The best fits were within a few degrees of the FIG. 6. G impact region spectrum from August 5, 1994 (18 days after G impact). The broad shape of this line indicates that the NH 3 contribution is mainly from the lower stratosphere, even when tracking errors are taken into account. For a quiescent temperature profile and an NH 3 distribution down to the tropopause, we retrieve a mole fraction of (1.3 ± 0.7) × 10 −7 (column density above 50 mbar (7.3 ± 1.7) × 10 17 cm −2 ). The dotted model shows the maximum amount of tropopause heating that can be tolerated by the data, and the resulting NH 3 mole fraction is 1.1 × 10 −7 . The dashed model includes the derived upper limit for NH 3 above the 1-mbar level of 6.5 × 10 16 cm −2 . quiescent profile, so a quiescent profile was adopted for the final NH 3 retrievals. A simple gray atmosphere radiative flux calculation ) using the starting temperature suggested by the 4-day G observation indicates that a return to a quiescent upper stratospheric temperature by 18 days postimpact is reasonable. This is also consistent with results of Kostiuk et al. (1996) , who indicated a return to near quiescent FIG. 7. K impact region spectrum from July 23, 1994 (4 days after K impact). Although more difficult to determine precisely, the temperature must be at least 187 K above 0.1 mbar, which results in an NH 3 mole fraction of ∼10 −6 above 1 mbar (∼10 17 cm −2 ). The dotted model illustrates that a higher temperature with a corresponding difference in NH 3 distribution can also provide an acceptable fit. temperature ∼8 days after the Q1 and R impacts, and with our results on the K region 7 days after impact (see below).
This spectrum acquired 18 days after impact cannot be modeled adequately using NH 3 distributed only above the 1-mbar level, as with spectra from the first days after impact. The spectrum can best be modeled using NH 3 distributed down to the tropopause (150 mbar). This distribution requires an NH 3 mole fraction of (1.3 ± 0.3) × 10 −7 (Fig. 6) . The bulk of the line center contribution is from between ∼2 and ∼20 mbar (Fig. 6) . The half-maximum line wing contribution (200 MHz from line center) is from ∼50 mbar. The contribution below the ∼50-mbar level is not as significant. The column density above the 50-mbar level for the retrieved mole fraction is (7.3 ± 1.7) × 10 17 cm −2 . This is as high as the NH 3 column densities retrieved closer to the impact time above the 1-mbar level, suggesting an additional lower altitude source for the NH 3 . We derived an upper limit to the NH 3 abundance above the 1-mbar level by varying the mole fraction distribution as shown in Fig. 6 (dashed model ). An upper limit to the NH 3 column density above the 1-mbar level of 6.5 × 10 16 cm −2 was retrieved.
K Impact Region
K impact plus 4 days. Only the aQ(2,2) NH 3 line was measured at the K region 4 days after the K impact. Without additional lines, simultaneous NH 3 abundance and temperature retrieval is less constrained. However, fits to the line did indicate that the contribution comes primarily from above the few-mbar level, and the temperature is above quiescence. The better fits to this spectrum put an NH 3 mole fraction of ∼1.0 × 10 −6 at altitudes above 1 mbar, and a temperature in that region of 187 K (Fig. 7) . The column density retrieved for this case is (1.2 ± 1.0) × 10 17 cm −2 . The 187 K temperature represents a lower limit. As indicated in Fig. 7 , other combinations of temperature and NH 3 mole fraction (dotted curves) could provide acceptable fits to the single NH 3 line. The column density varied by no more than a factor of 2 for all the assumed profiles.
K impact plus 7 days. The aQ(2,2) and aQ(6,6) lines were both observed at the K impact region 1 week following the K impact. The retrieved temperature profiles were all within ±5 K of quiescent values. This is consistent with other retrievals (e.g., Kostiuk et al. 1996) for a comparable period after impact, and with radiative cooling calculations . The fit to a quiescent temperature profile (Fig. 3, profile a) is shown in Fig. 8 . The lineshapes put the NH 3 at altitudes above 
FIG. 8.
K impact region spectrum from July 26, 1994 (7 days after K impact). These spectra can be fit using a quiescent profile, resulting in an NH 3 mole fraction of (8.2 ± 1.0) × 10 −8 above 10 mbar (column density (9.3 ± 1.1) × 10 16 cm −2 ). 10 mbar, with a mole fraction of (8.2 ± 1.0) × 10 −8 and a column density of (9.3 ± 1.1) × 10 16 cm −2 .
DISCUSSION
A summary of our retrievals for the G and K impact regions can be found in Table III . These retrieved results provide insight into the processes that occurred over the 18-day period following the SL9 fragment impacts. The spectral lineshapes measured provided information on the changes in the stratospheric thermal structure and the deposited NH 3 abundance and altitude distribution. This information can be used to test photochemical models of NH 3 in the jovian stratosphere, their temporal behavior, and dependence on temperature.
Thermal Behavior
We found that for the G impact region during the first few days after the G impact, the spectra required high-altitude heating, which is consistent with the HD-DH plume splashback model. High-altitude heating has also been suggested by other observations (e.g., Bézard et al. 1997) . The retrieved temperature was 283 K above the 0.001-mbar altitude level 1 day after impact. By 4 days after impact, the retrieved temperature had cooled to 204 K, but the heated region extended down to a few tenths of a mbar by this time.
The retrieved temperature changed by ∼80 K over 3 days. That change was much larger than what would be expected from a simple gray atmosphere radiative cooling model that only included jovian material . However, if foreign opacity (e.g., cometary water) is introduced into their cooling model, the additional opacity increases the cooling rate. In the case of water opacity, in order to reproduce the drop in temperature that was retrieved from the data, <0.5% of the material was required to be water during that 3-day period. Thermal emission from small silicate particles has also been found to be an efficient mechanism for cooling the atmosphere (Bézard 1997) . Dynamical mixing with cool jovian air may also have contributed to the observed temperature decrease.
The retrievals from the K region 4 days after impact, although not as precise, are also consistent with a heated stratosphere, with temperatures greater than 187 K. By 1 week after the K impact, the temperature appeared to have returned to a quiescent state. This is consistent with results on other impact regions (e.g., Kostiuk et al. 1996) after 1 week. We also see that by 18 days after the G impact, the upper stratospheric region appears to have returned to a quiescent temperature.
Ammonia Abundance
The NH 3 abundance retrievals for the 1-and 4-day post-G impact spectra indicate that the bulk of the observed NH 3 contribution originated from altitudes above 1 mbar. The retrieved column densities (Table III) are consistent with other IR measurements for G and other large impacts such as those of Orton et al. (1995) , Kostiuk et al. (1996) , and Conrath (personal communication, 1995) from SpectroCam-10 observations (Nicholson et al. 1994) . HST UV observations retrieved lower NH 3 column densities, but their results and altitude distributions vary (Yelle and McGrath 1996) depending on the assumed altitude of the scattering layers. The discrepancy between UV and IR results may be due to the fact that the UV measurements concentrate on the central impact region, whereas this work is sensitive to the entire debris field from the reentered plume.
We found that by 18 days after the G impact, the spectrum could be fit using a quiescent temperature profile and an NH 3 distribution in the lower stratosphere. The retrieved column density is as high as those retrieved near the impact time above the 1-mbar level (Table III) . The presence of this amount of NH 3 at these low altitudes suggests an additional source in the lower stratosphere. Griffith et al. (1997) suggested an additional thinlayer NH 3 source in the 15-to 30-mbar region (1-3 × 10 17 cm −2 ) for the K site ∼11 days after impact for a quiescent thermal profile. For the G region, our lineshape does not require a thinlayer source. When we limited an NH 3 distribution to the 15-to 30-mbar region, significant heating (to ∼170 K) in that region was required in order to obtain an adequate fit to our G impact spectrum, retrieving a column density of ∼7 × 10 16 cm −2 . Analysis of the HST UV data by Yelle and McGrath (1996) suggests an NH 3 distribution below the 5-mbar level with a column density of 1.6 × 10 18 cm −2 shortly after impact, comparable to our results at 18 days. We do not see evidence for this amount of NH 3 in the lower stratospheric region in the first few days following the impact, but the overwhelming contribution to our spectra from the upper stratosphere due to the plume splashback heating may have masked the contribution from the much colder lower stratosphere. The 1-and 4-day spectra can statistically support (i.e., root mean square (RMS) within 1σ of best fit) an additional NH 3 mole fraction as high as 1.3 × 10 −8 cm −2 below the 1-mbar level. Including our retrieved 18-day NH 3 mole fraction of 1.3 × 10 −7 below the 1-mbar level in the 1-day model causes the line wings to fit quite poorly (Fig. 4, dashed  model) . Large amounts of NH 3 could be hidden from us soon after impact if it were present only below the 20-mbar level and if the region had not been heated significantly. It is also possible that we cannot probe below the few-mbar level early on due to the presence of dust or haze at the time of our observations. This is consistent with results by Kostiuk et al. (1996) 8.5 days after impact, which permit a haze layer up to the 10-mbar level. However, much lower spectral resolution measurements by Griffith et al. (1997) do probe down to the troposphere, where they observe an NH 3 absorption feature.
One possible source for the NH 3 in the lower stratosphere could be transport of NH 3 gas or ice crystals from the troposphere as a result of upward diffusion, dynamical mixing, and possible heating by the explosion of the impactor in or below the NH 3 ice cloud. For completeness, we determined that we could still model our spectrum with a maximum tropopause temperature of ∼145 K (Fig. 6, dotted model) . This is much warmer than the condensation temperature of a solar abundance of NH 3 for that pressure regime, which would permit the transport of NH 3 up to the lower stratosphere . A tropopause temperature of 112 K is already above the condensation temperature for the NH 3 mole fraction that we measure (1.3 × 10 −7 ). A temperature of 112 K represents a 3-K increase in the tropopause temperature and is consistent with the maximum temperature increase allowed from measurements by Orton et al. (1995) and Bézard (1997) of the L impact region. Bézard (1997) finds that the increase may be due to stratospheric silicate emission, although our measurement of the NH 3 lineshapes would be unaffected by the silicate emission reported.
Ice crystal transport and subsequent sublimation mainly above the tropopause would be consistent with spectra obtained by Griffith et al. (1997) from the K impact, which show only a weak absorption underlying the NH 3 emission. Dynamical mixing due to increased temperatures in the upper troposphere could further enhance the NH 3 abundance in the lower stratosphere.
For the given best model atmospheres, the precision of the mole fraction retrievals was ∼20% for each postimpact observation (Table III) . The accuracy of the retrievals is dependent on the accuracy of the atmospheric models, the line intensities, and the measured radiance calibration. The atmospheric models were tested as described in the individual sections corresponding to the different observations. The 10% uncertainty in calibration translates into a maximum uncertainty in mole fraction for the 1-, 4-, and 18-day G impact region measurements of 20, 5, and 40%, respectively.
The total mass of NH 3 within our FOV is determined to be at least 5 × 10 12 g. The mass of a large cometary fragment is estimated to be ∼10 14 g (Zahnle and Mac Low 1995, Lellouch et al. 1997) . Nitrogen is believed to constitute ∼2% of the cometary mass, and NH 3 <0.2% (cf. Mumma et al. 1994) . We retrieved at least 2.5 times more NH 3 than can be supplied by nitrogen from a large cometary fragment, suggesting a primarily jovian source for the NH 3 .
Photochemical Models
The NH 3 abundance retrievals can be used to test photochemical models. In the case of the G impact region, we observed NH 3 mainly above the 1-mbar level 1 day after impact. By 4 days, we saw a decrease in the abundance, and by 18 days the bulk of the NH 3 contribution was from below the 1-mbar level. This agrees qualitatively with photochemical models that predict preferential destruction of NH 3 at high altitudes. However, quantitatively we find that the decrease in the measured NH 3 column density is inconsistent with photochemical models, which predict a decrease slower than that observed.
Two simple one-dimensional photochemical models, which we describe here, were compared to our column densities retrieved from the observations spanning 18 days. The models have many elements in common. Both models step forward in time using a Runge-Kutta method, with a time step of one jovian day so that solar fluxes can be diurnally averaged. A solar zenith angle of 61
• , applicable to the latitude of the SL9 impacts, was used in the calculations. The models compute the NH 3 photodissociation rate by assuming NH 3 is the only absorber in the wavelength range 160-221 nm. Opacity from other molecular absorbers (e.g., hydrocarbons, CS 2 ) and dust was neglected. Thus, the photodissociation rates, and hence NH 3 loss rates, are 
is the atmospheric number density.
upper limits. The models also neglect the effects of mixing on the NH 3 distribution because the NH 3 photolysis lifetime is ∼3 orders of magnitude shorter than the eddy mixing lifetime for a quiescent jovian lower stratosphere. It is shown below that this neglect of mixing, at least for the first ∼20 days postimpact, is not correct. However, these chemistry-only models allow us to determine the maximum amount of NH 3 loss that could be attributed to photolysis and constrain the effects of dynamics on the NH 3 distribution. The models differ in how the products of NH 3 photolysis were handled. In one, it was simply assumed that every time NH 3 is photolyzed, it is irreversibly lost to some other compound (maximum loss model). In the other model, a self-consistent chemistry scheme that allowed for some recycling of NH 3 (stand-alone model, Table IV ) was used. This model also allowed the background atmosphere to cool with time to discern any temperature effects on the photochemical scheme. The model atmospheres used in the photochemical models were the same ones derived by the analysis of the NH 3 lines (Figs. 4, 5, and 7) . The transitional temperature profiles were chosen by cooling the initial profiles over time according to a simple gray atmosphere cooling model .
Maximum loss model. The maximum loss model would fail to live up to its name only if there were another species that was chemically destroying NH 3 , perhaps catalytically or powered by absorption of solar ultraviolet radiation at wavelengths longer than what NH 3 can absorb. To check this possibility, we compared the maximum loss model's predicted NH 3 column abundances over time to results of a more complex photochemical model that includes oxygen and sulfur chemistry given in Moses et al. (1995) . The maximum loss model does indeed predict a more rapid loss with time than does the model of Moses et al. (1995) . It is interesting to note that these two models predict a similar NH 3 loss from 0 to 9 days after impact. Thereafter, the model of Moses et al. (1995) predicts a much more gradual decline of NH 3 with time than does the maximum loss model. The maximum loss model represents an upper limit to the NH 3 loss, and it does not depend on temperature since there is no postphotolysis chemistry involved.
Stand-alone model. The amount of NH 3 loss predicted by the stand-alone photochemical model depends on the atmospheric conditions. The reactions and rates for this model are given in Table IV . For pressures greater than 50 mbar, photolyzed NH 3 is recycled ∼90% of the time. The remaining ∼10% of the time, N 2 H 4 (hydrazine) is formed. For pressures less than 50 mbar, the fraction of NH 3 recycled depends on the temperature of the model atmosphere. If the temperature is greater than 220 K (which our retrievals indicate 1 day after the G impact), then reaction R5 (Table IV) is an important reaction in the chemical scheme. Under these conditions, NH 3 is recycled ∼99% of the time and is lost to N 2 H 4 postphotolysis only ∼1% of the time. Thus, this model predicted essentially no NH 3 loss via photolysis soon after impact (i.e., as long as the temperature was greater than 220 K). However, once the atmosphere cools below 220 K, recycling of NH 3 via R5 ceases in the model, and ∼75% of the NH 3 is recycled while ∼25% of it is lost to N 2 H 4 .
These results, however, are sensitive to the atomic hydrogen mixing ratio profile. While the models were being run and the results analyzed, it was noticed that the H mixing ratios from the stand-alone NH 3 photochemical model were greater than those from hydrocarbon photochemical models. In addition, the chemical lifetimes for H in the stand-alone model were longer than those in the hydrocarbon photochemical model over much of the region of interest. We then fixed the H mixing ratio profile to the values in the hydrocarbon photochemical model and ran the stand-alone model. For the cooler model atmospheres, the results were dramatic, with the stand-alone NH 3 photochemical model predicting the same NH 3 loss with time as the maximum NH 3 loss model. The lower H values essentially shut down R2 (Table IV) , and the NH 3 was converted to N 2 H 4 as fast as it could be photolyzed. However, for warm (T ≥ 220 K) model atmospheres, recycling of NH 3 could still be carried out by R5, and NH 3 decay with time was intermediate to that of the maximum loss and the stand-alone NH 3 photochemical models with its own H mixing ratio profile.
Photochemical models and G impact retrievals. We compared the results of the maximum loss model to our NH 3 column density retrievals for the G impact. The maximum loss model gives an upper limit to the NH 3 loss. Since the first observation was at 1 day postimpact, the model was initialized with enough NH 3 above 1 mbar at time zero that the retrieved values (maximum, nominal, and minimum based on the retrieval and 1σ precision) were reproduced 1 day later. The model was then allowed to step forward in time to 4 days and the results (NH 3 column above 1 mbar) were compared to the retrieved values as shown in Fig. 9 . In this optically thick situation, the NH 3 loss rate does not depend on the initial column density. What is readily apparent is that the NH 3 photochemical model, which is the maximum loss model, cannot explain the decrease in the observed NH 3 column. Over this 3-day period, the maximum photochemical loss model loses a total of 7 × 10 16 NH 3 molecules cm −2 , which is a loss rate (flux) of −2.7 × 10 11 NH 3 molecules cm 12 NH 3 molecules cm −2 s −1 . At best, the maximum loss model, which gives an upper limit to the loss, can account for ∼40% of the NH 3 loss required by the retrievals. Also, the stand-alone model, which is a more realistic model, loses NH 3 at an even slower rate. Clearly, during the first 4 days after the G impact, impact and atmospheric dynamics dominate over photochemistry. The derived value of K, the eddy diffusion coefficient, that supports a removal mechanism through downward flux (and condensation in lower, cooler regions) is greater than 10 7 cm −2 s −1 , i.e., is three orders of magnitude greater than the quiescent value. Ammonia would have to diffuse down half of a scale height over 3 days to remove enough from above the 1-mbar level, and we did not observe that. Therefore, downward diffusion of the NH 3 does not appear to be the dominant removal mechanism. The combined effect of spreading, mixing with NH 3 -free jovian air, and photolysis may account for the observed decrease in our retrieved column density. Assuming that the drop in column density at altitudes above 1 mbar over the 3 days is due to uniform horizontal spreading alone, the inferred radial spreading velocities range from 3 to 12 m/s. This is consistent with spreading velocities obtained by Hammel et al. (1995) , who retrieved velocities from 0 to 40 m/s from other impact regions using Hubble Space Telescope WFPC2 images. The velocities depend on the position relative to the site of impact and the altitude region probed (velocities decrease with altitude). Since the maximum loss NH 3 photochemical model failed to reproduce the 4-day postimpact retrievals when started at 0 days, we reinitialized the model before analyzing the time period between 4 and 18 days postimpact. The model was started with the observed 4-day postimpact NH 3 distribution and was allowed to step forward in time 14 days (to 18 days postimpact). A comparison of the photochemically derived NH 3 loss to our retrieved 18-day upper limit above the 1-mbar level of 6.5 × 10 16 cm −2 is shown in Fig. 10 . Once again, even the maximum loss model cannot reproduce the observed decrease in the NH 3 column. However, photochemical loss is becoming more important. Since this is no longer an optically thick situation, the NH 3 loss rate depends on the amount of NH 3 present. The model that is initialized with the lower limit column density of 2.9 × 10 17 NH 3 molecules cm −2 loses 2.0 × 10 17 NH 3 molecules cm −2 over the 14-day period, resulting in a loss rate (flux) of −1.6 × 10 11 NH 3 molecules cm −2 s −1 . In comparison, the observations require a total loss of 2.2 × 10 17 NH 3 molecules cm −2 , or a loss rate (flux) of −1.9 × 10 11 NH 3 molecules cm We find photochemistry to be too slow/inefficient to account for the retrieved decay of NH 3 column density above the 1-mbar level over the first 18 days postimpact. The opposite was concluded by Griffith et al. (1997) for the K impact region. They retrieved an NH 3 column density of (0.5-2) × 10 16 cm −2 above the ∼0.1-mbar level 21 h after impact, and the same results at 6 days postimpact with the decrease in NH 3 emission attributed to stratospheric cooling. At 11-12 days postimpact, they could place only upper limits of 10 14 cm −2 above the 0.1-mbar level and 3 × 10 15 cm −2 above the 5-mbar level. They compared these retrievals with the NH 3 photochemical loss rates of 3 × 10 16 cm −2 over 3 days and 8 × 10 16 cm −2 over 9 days from Moses et al. (1995) . Griffith et al. (1997) concluded that the NH 3 must have been shielded from photolysis by either dust or another molecular absorber in the UV to explain the presence of NH 3 above the 1-mbar level 6 days postimpact. They found that the virtual disappearance of NH 3 from above the 5-mbar level by 11-12 days postimpact could be adequately explained by the Moses et al. (1995) loss rates. However, those loss rates were based on higher column densities, ∼10 17 cm −2 . This is important because the NH 3 destruction rate due to photolysis is proportional to the amount of NH 3 present. Applying those loss rates to the Griffith et al. derived NH 3 column densities overestimates the NH 3 photolysis loss.
To investigate this further, we used our maximum loss rate model to analyze the K impact retrievals of Griffith et al. (Note that this model is consistent with Moses et al. (1995) ; i.e., it either reproduces or overestimates the Moses et al. NH 3 decay with time when started with the same initial NH 3 column density.) In all cases, we assumed that the initial NH 3 mole fraction was constant with height for all pressures less than 1 mbar. It is only if we initialize the model with the lower bound of NH 3 column density observed at 21 h postimpact, that we can produce an NH 3 column at 11-12 days lower than the Griffith et al. upper limits. Specifically, to allow the model-predicted NH 3 to be less than their upper limits for p < 0.1 mbar and p < 5 mbar at 11-12 days, the initial NH 3 column must be ≤6 × 10 14 cm −2 for p ≤ 0.1 mbar and ≤2 × 10 16 cm −2 for p ≤ 5 mbar. But this is the maximum possible photolytic loss, representing an upper limit to the loss. Shielding and postphotolysis recycling of NH 3 are not allowed in the model. We propose instead the following possible interpretation of the K impact retrievals of Griffith et al. (1997) . While the 21-h and 6-day postimpact retrievals do not require a decrease in the NH 3 column above 1 mbar, they do allow a decrease similar to the one seen in our G impact retrievals over 4 days (∼50%), which we ascribe to dynamics. While the maximum NH 3 loss model can produce this permitted decline in the NH 3 column abundance, we do not consider it likely, because UV shielding by dust or another molecule and increased NH 3 recycling in the hot stratosphere via R5 likely caused the model to overestimate the NH 3 loss rate. Thus, over the first ∼14 days postimpact, for both G and K impact sites, dynamical mixing with NH 3 -free jovian air appears to dominate over photochemical destruction in the observed decrease in the NH 3 column.
CONCLUSIONS
We found significant heating of the upper stratosphere in the days after the impacts as a result of the plume splashback (204-283 K). Return to a quiescent temperature takes place in about 1 week. The rate of cooling observed indicates that opacity equivalent to <0.5% water was present in the G region between 1 and 4 days postimpact.
In the first days after the G impact, the observed NH 3 appears to be primarily from plume material injected into the upper stratosphere at altitudes above 1 mbar. The retrieved NH 3 mass in our FOV is at least 25 times greater than what would be expected from a large cometary fragment. This points to a jovian source for the bulk of the NH 3 observed. The drop in NH 3 column density between 1 and 4 days postimpact (7.7 × 10 17 to 3.7 × 10 17 cm −2 ) cannot be explained by photolysis alone. At most, photochemical destruction of NH 3 can account for ∼40% of the observed decrease (maximum loss model). The region in the jovian stratosphere where NH 3 was present, and hence where NH 3 photolysis was occurring, was warm (T > 220 K) at the time. Under those conditions, NH 3 is efficiently recycled and the maximum loss model grossly overestimates the NH 3 photochemical loss rate. It is likely that a combination of mixing with NH 3 -free jovian air, horizontal spreading of the plume material, and photolysis could account for the changes in NH 3 abundance.
Eighteen days after the G impact, we find a high total NH 3 column abundance of (7.3 ± 1.7) × 10 17 cm −2 , with the bulk of the NH 3 contribution coming from altitudes well below 1 mbar. The upper limit on NH 3 column density 18 days after impact above the 1-mbar level is 6.5 × 10 16 cm −2 . This suggests a second source for NH 3 at the higher atmospheric pressures, possibly upwelling from Jupiter's troposphere around a heated and turbulent central impact region, which may have been initially masked by dust and haze. The time period between 4 and 18 days postimpact appears to be a period of transition in importance between horizontal spreading and the photochemical loss of NH 3 . The maximum loss NH 3 photochemical model can account for up to ∼90% of the observed NH 3 loss. This simple model may be more applicable by 18 days postimpact, as the jovian stratosphere has cooled down to the point where recycling of NH 3 after photolysis is less efficient. Also, if the atomic hydrogen number densities are lowered by reactions with other species, then NH 3 recycling becomes very inefficient. Even so, we are overestimating the importance of NH 3 photolytic loss, as the column density we used above the 1-mbar level is an upper limit.
The SL9 event provided a unique opportunity to study the photochemistry and residence time of NH 3 in the stratosphere of Jupiter, where it is not normally present. These results emphasize the importance of high-resolution infrared measurements of multiple spectral features over extended periods as probes of the temporal variability of stratospheric temperature and abundance distributions of NH 3 injected into the jovian stratosphere.
